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United KingdomABSTRACT The structure-function relationship of cohesin, an essential chromosome maintenance protein, is investigated by
analyzing its collective dynamics and conformational flexibility, enhancing our understanding of the sister chromatid cohesion
process. A three-dimensional model of cohesin has been constructed by homology modeling using both crystallographic and
electron microscopy image data. The harmonic dynamics of the cohesin structure are calculated with a coarse-grained elastic
network model. The model shows that the bending motion of the cohesin ring is able to adopt a head-to-tail conformation, in
agreement with experimental data. Low-frequency conformational changes are observed to deform the highly conserved glycine
residues at the interface of the cohesin heterodimer. Normal mode analysis further reveals that, near large globular structures
such as nucleosome and accessory proteins docked to cohesin, the mobility of the coiled-coil regions is notably affected. More-
over, fully solvated molecular dynamics calculations, performed specifically on the hinge region, indicate that hinge opening
starts from one side of the dimerization interface, and is coordinated by highly conserved glycine residues.INTRODUCTIONDuring cell division, sister chromatids are held together
until the onset of anaphase, a task accomplished by an
unusual ringlike protein complex called cohesin. This
protein is a member of the structural maintenance of chro-
mosomes (Smc) family, which exists in all eukaryotes (1).
Correct sister chromatid cohesion is critical for diverse bio-
logical processes such as chromosome condensation (2),
gene regulation (3,4), and development (5). Extensive
experimental research is devoted to explore the molecular
mechanisms underlying the cohesion process; nevertheless,
the details of the functional conformational dynamics of
cohesin remain unclear.
In yeast, cohesin mainly consists of two Smc proteins,
Smc1 and Smc3, each having long anti-parallel coiled-coil
regions separating two globular regions, namely an ATP
binding head domain and a hinge region (Fig. 1). The two
long Smc proteins dimerize from their hinge domains at
one end leaving the interacting globular heads at the other
end, sandwiching two ATP molecules, to form a functional
ABC-type ATPase (6–8). The association and dissociation
of the Smc heads are controlled by ATP binding and hydro-
lysis, respectively (9). Two non-Smc proteins, the kleisin
subunit Scc1 and the accessory protein Scc3, are recruited
to tether the globular heads of the complex. Cohesin loads
onto chromosomes with the help of the evolutionarily
conserved loading factor Scc2/Scc4 in yeast, and translo-
cates away toward sites of convergent transcriptional termi-
nation (10,11). During cohesion, the cohesin complex
topologically entraps the sister chromatids (12,13). At theSubmitted February 25, 2010, and accepted for publication June 3, 2010.
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a cysteine protease (14,15).
Stable cohesin loading onto chromatin fiber requires the
coordinated binding of a number of conserved structural
components that are associated with the function of cohesin
(16). For example, the ATP activity of cohesin depends on
the correct association of the ATPase head, which contains
the highly conserved Walker A, Walker B, signature motif
and Q loop. These motifs are required for ATP hydrolysis
and cohesin binding to chromatin, as shown by mutation
studies on the ATP binding site (17). Another essential
component is the kleisin subunit Scc1, which not only
connects the two Smc heads but also stimulates ATP hydro-
lysis (18). Moreover, in the hinge region, several highly
conserved glycine residues at the Smc proteins’ dimeriza-
tion interface have been shown to be critical for efficient
binding to DNA (19,20).
Although the overall structural mechanism of chromatin
entrapment by cohesin is still under debate, one essential
feature is clear: the cohesin heterodimer ring complex is ex-
pected to contain an entry gate, which opens to entrap the
chromatin. Along with other observations on Escherichia
coli condensin MukB (21,22), a recent structural study sug-
gested that ATP-mediated head-domain association triggers
the detachment of the C-terminal of MukF (non-Smc
subunit) bound to the MukB head, creating an entry gate
into the ring (23). Similarly for yeast, an early model for
loading was proposed based on the entry gate being located
between the Smc1 and Smc3 head regions (24). This possi-
bility has been tested by artificially cross-linking Scc1 to the
head domain (25). However, the analysis showed that the
detachment of the head domains was not necessary for cohe-
sin loading, but instead, the hinge subunit interface opens to
allow the passage of the chromatin fiber (Fig. 1 C), whichdoi: 10.1016/j.bpj.2010.06.006
FIGURE 1 Schematic representation of cohesin and, the most likely
model for its loading mechanism to chromatin (25). Cohesin is formed of
Smc1 and Smc3 proteins dimerized from a hinge region from one end
leaving two globular heads at the other end forming a functional ABC-
type ATPase. The kleisin subunit Scc1 and the accessory protein Scc3
bind cohesin from the head region. (A and B) Cohesin loads onto chromatin
fiber with the assistance of a loading factor Scc2/Scc4 in yeast. (C) The
hinge opens to entrap the fiber inside the ring. (D) Cohesin translocates
away from the loading factor. Illustrated conformations of the cohesin
ring and the hinge region are generated and analyzed in this study.
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prokaryotes is likely to differ from that of eukaryotes. Avail-
able open crystal structures of the eukaryotic hinge also
suggests that the hinge region may undergo a transient step-
wise opening, first from one side of the interface, and then
from the other (7,26). However, the latter structural study
(26) indicates that the open hinge structure also may be
due to the instability of one of the dimerization sites because
of the missing coiled-coil domains in the construct. On the
other hand, there is some evidence to suggest the hinge
opening is facilitated by the communication between the
hinge and head regions, as experiments in bacteria showed
that an initial interaction of the hinge domain with DNA,
triggered ATP hydrolysis at the ATPase head (20). All the
above observations imply that cohesin undergoes significant
conformational changes to create an entry gate upon loading
onto chromatin.
In fact, various electron microscopy (EM) (6) and atomic
force microscopy images (27,28) reveal the dramatic
conformational changes the Smc proteins can undergo. Co-
hesin displays a variety of coiled-coil arm conformations
(6). Moreover, there is evidence for direct interaction
between Smc head and hinge regions (27–29). Interestingly,
for various functional purposes, similarly-structured mole-
cules containing long coiled-coil domains adopt head-to-
tail conformations, such as the human Rad50/Mre11/Nbs1
complex (30), and the kinesin-1 motor protein (31).
To our knowledge, a detailed computational study on the
complete structure of cohesin has not previously been
attempted. Nevertheless, analogous functional parts to cohe-
sin have been studied from a computational perspective. The
ATPase head of the Smc proteins are structurally similar to
ABC transporters and share the same motifs at the ATP
binding site. The structural and functional dynamics of the
ABC-type proteins have been extensively investigated
with computational techniques such as molecular dynamics(MD) (32,33) and normal mode analysis (33,34). These
studies give insights into the ATP activity of cohesin.
According to EM images, the coiled-coil arms of cohesin
are spread, resulting in a unique ringlike shape (6). The
low-frequency dynamics of a similarly shaped molecule,
a circular DNA molecule, have been studied with normal
mode analysis (35), pointing out the elastic rod properties
of the macromolecule with intrinsic bending, twisting, and
stretching motions. Similarly, long F-actin filaments with
almost the same length of long coiled-coil arms displayed
by cohesin exhibit the same elastic rod properties observed
by normal mode analysis (36).
Coarse-grained elastic network models, using normal
mode analysis, are simple yet powerful computational tools
to explore the collective dynamics of large biological
macromolecules around their native conformations
(37–40). For these coarse-grained models, the macromolec-
ular structure is described as an elastic network in which
each node may be represented by a single point, usually
being the Ca atom of residues (41–43), or by a group of resi-
dues (44–46). Here, each neighboring node is connected by
a harmonic spring, and the mechanical motions of the
protein complexes are calculated using a uniform harmonic
potential. These coarse-grained elastic network models can
successfully predict the functional dynamics of very large
macromolecules such as the GroEL-GroES complex
(47–49), the RNA polymerase (50), the ribosome complex
(51–53), and the satellite tobacco mosaic viral capsid (54),
where a full-atom technique such as MD is computationally
unaffordable. These studies show that high-resolution struc-
tures of macromolecules are not necessary to predict their
low-energy motions, which are often related to their biolog-
ical functions (55,56).
In this study, our aim is to reveal the missing molecular
details of how the two halves of the hinge may open to
create an entry gate on yeast cohesin for DNA. Here, we
focus on:
1. The collective motions of the whole ring structure that
may contribute to opening of the large ring, investigated
with the coarse-grained elastic network model.
2. The effect of binding of large densities (e.g., a nucleo-
some particle) on the collective dynamics of cohesin.
3. Higher molecular details of the hinge region dynamics
leading to an open hinge conformation, monitored with
fully solvated MD simulations.
Finally, based on our results, we propose a likely mecha-
nism for the loading of cohesin to chromatin fiber.METHODS
There are no complete three-dimensional structures of Smc proteins.
However, this protein family is evolutionarily conserved, and it is possible
to find structural information on the ATPase head and hinge region of the
macromolecule from various species (7,8,23,57). Based on the available
structural data, the three-dimensional structure of the head and hingeBiophysical Journal 99(4) 1212–1220
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prediction web-server 3D-JIGSAW (58) (see Fig. S1 A in the Supporting
Material). On the other hand, existing modeling techniques are incapable
of accurately constructing the long coiled-coil arms based on amino-acid
sequence. Therefore, the cohesin ring was completed by simply inserting
the anti-parallel coiled-coil fragment of the tropomyosin molecule from
pig cardiac muscle (PDB code (59): 1c1g (60)), between the short coiled-
coils emerging from the head and the hinge domains. There are conserved
short breaks along the coiled-coils from which flexible loops protrude (61).
However, these loops do not affect the conformational deformations of
cohesin calculated by the elastic network model at the lowest-frequencies
(Fig. S2); as a result, they are not included in the model. The details of
modeling yeast cohesin structure can be found in the Supporting Material.
To observe the effect of specific regions on the dynamics of the complex
using the coarse-grained elastic network model, various cohesin model
systems were generated from the above-constructed cohesin model. The
model systems are:
1. The cohesin complex with ATP.Mg2þ, which is called SMC1-3.
2. The cohesin complex with a nucleosome bound to the head domain with
ATP.Mg2þ, which is called SMC1-3_nuc_to_head.
3. The cohesin complex with a nucleosome bound to the coiled-coil regions
with ATP.Mg2þ, which is called SMC1-3_nuc_to_coil (Fig. S1 B).
The low-frequency conformational dynamics of cohesin were investi-
gated using the anisotropic network model (ANM) (42). The elastic
network for the cohesin structure was constructed placing single point
masses, i.e., nodes, located at the Ca position of amino acids and P position
of nucleotides. All neighboring nodes were linked pairwise by a harmonic
spring gij, the value of which is assigned based on total number of atom-
atom interactions between node i and j within a cutoff distance rcut of
10 A˚, assuming that the harmonic forces are acting in parallel to one another
(62). The potential energy of the network of N nodes was then given by the
summation over the harmonic interactions of (i,j) pairs,
V ¼ ð1=2Þ
Xrcut
i;j
gij

Rij  R0ij
2
; (1)
where Rij and Rij
0 are the instantaneous and equilibrium distances between
nodes i and j (1% i,j % N). The diagonalization of the mass-weighted
Hessian matrix, including the connectivity information of the (i,j) pairs,
leads to the calculation of 3N-6 vibrational motions of the protein structure,
where rotational and translational motions were neglected (see the Support-
ing Material for details).
New conformation of cohesin ring was generated by deforming the native
structure along the positive direction of the lowest frequency motion calcu-
lated with ANM. The generated coarse-grained structure of cohesin was
then completed by rigidly displacing heavy atoms in the direction of their
Ca atom displacement vectors. Then the structure was relaxed by energy
minimization using AMBER 9 (63) using the ff03 force-field parameters
(64). This so-called reverse-mapping technique is explained in detail else-
where (65).
For higher levels of detail, fully solvated MD simulations, using the MD
package NAMD 2.6 (66) with the CHARMm22 force field (67,68), were
performed on various hinge structures and for a simulation time of 20 ns
(see Supporting Material).RESULTS AND DISCUSSION
To our knowledge, the molecular details of the loading
process are not well known; however, for this event to be
realized, a large conformational change of the yeast cohesin
ring, i.e., opening of the hinge dimerization interface, would
be required. Therefore, this study is mainly focused on
revealing the detailed structural dynamics of the cohesinBiophysical Journal 99(4) 1212–1220ring and the specific conformational changes of the hinge
region, during the loading process. To validate the general
approach, and to gain a deeper understanding of the coupling
between motion and function of yeast cohesin, the complete
cohesin model was investigated by a coarse-grained elastic
network model (see Methods). Then, various hinge confor-
mations were generated from normal mode analysis and
in silico point mutations, and the opening of the DNA entry
gate monitored by MD simulations. The results of this anal-
ysis are given and discussed in the following sections.
Cohesin dynamics
Elastic rod properties of the cohesin ring
The low-frequency dynamics of the complete modeled ring-
like cohesin structure were explored by the elastic network
model using normal mode analysis. The flexibility of the
50-nm-long coiled-coil arms connecting the head and hinge
regions dominate the collective motions of the cohesin
molecule in the lowest part of the frequency spectrum. For
the complete ringlike structure, the first 10 and 100 normal
modes contribute 95% and 99% of the total conformational
change, respectively. The mean-square fluctuations (msf)
averaged over the first 10 and 100 normal modes are shown
for the cohesin model SMC1-3 (Fig. 2 A). The coiled-coil
arms exhibit high mobility compared to the ATPase head
and the hinge, whereas the smaller hinge region is more
mobile compared to the head region. Moreover, conserved
breaks in yeast, namely, loop3 (Cys944-Lys990) on Smc1
and loop 2 (Lys387-Ile403) and loop3 (Gly958-Ser970) on
Smc3 along the coiled-coils, appear to increase the flexi-
bility of the 50-nm-long arms that can lead to specific kinks
as previously observed for Smc proteins (6) (Fig. S2).
However, these breaks do not alter the directions of the
normal modes in the low-frequency range; the overlap value
(69) averaged over the first 10 normal modes is 0.99.
The lowest-frequency motions of the ringlike cohesin
correspond to different combinations of bending, stretching,
and twisting motion of the cohesin (Fig. 2 B), similar to the
low-frequency motions of a circular DNA (35). The collec-
tivity coefficients (70) of the first three nonzero slow modes
are, respectively, 0.75 (bending), 0.51 (stretching), and 0.75
(twisting), indicating that a high fraction of residues contrib-
utes to these conformational changes. When the collectivity
of a single mode is high, usually this mode alone can
describe the large conformational transition of the protein
from an open to a closed conformation on its way to fulfill
its biological function (70). For the case of the cohesin
molecule, considering the high amplitude motions and
highly collective nature of the first three normal modes,
the ringlike molecule is most likely to undergo a set of func-
tionally important bending-stretching-twisting motions
when it is free in solution. These motions are extended
when the ringlike molecule is constrained from one part
of its body, as will be discussed in the following section.
FIGURE 2 (A) The mean-square fluctuations (msf) averaged over the
first 100 normal modes (msf(100)) for the cohesin model SMC1-3 is given
with functional sites indicated. (Inset plot) Msf averaged over the first 10
normal modes (msf(10)) for the same model, which contribute 95% of
the overall motion. (B) The minimum coordinates and the alternative direc-
tions (5) of the first three normal mode deformations of the cohesin model
are shown in ribbon presentations. A scale bar is given to indicate the rela-
tive scale of the cohesin model. All molecular graphics are generated with
PyMol molecular viewer (DeLano Scientific, Palo Alto, CA; http://www.
pymol.org/).
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first 10 and 100 normal modes for the cohesin dimer is
shown in Fig. S3. Collective motions of the head and the
hinge regions are not correlated (correlation coefficient
~0.2). This is perhaps expected, as these regions are sepa-
rated by 50-nm arms; and as shown above, they are quite
flexible and undergo various motions determining the
conformational flexibility of the cohesin molecule. Indeed,
this observation suggests that it is unlikely that any activity
on the head region, such as ATP hydrolysis, would be effec-
tively transmitted to the hinge over such a distance, unless
they are in very close proximity.
Effect of a large globular subunit on cohesin dynamics
EM images reveal that the kleisin subunit Scc1 and the
accessory protein Scc3 bind cohesin from the head region
(6). Moreover, it is known that a loading factor calledScc2/Scc4 in yeast assists cohesin to load onto chromatin
fiber (10,11,16,17) (see Fig. 1). A large mass docked to
one part of the molecule would change the overall flexibility
of the dimer. For elastic network models, where the whole
structure is considered as a uniform material, low energy
normal mode deformations of macromolecules are deter-
mined by their size and shape, not by specific atomic prop-
erties. Even with the simplification of structures, such
models are very successful in predicting functional motions
of macromolecules (38,39). Therefore, the effect of a large
density on the fluctuations of cohesin can be investigated by
an elastic network model, purely from a structural
mechanics perspective, and the low energies can be investi-
gated to illuminate functional motions.
Crystal structures of the kleisin subunit Scc1, the acces-
sory protein Scc3, and the loading factor Scc2/Scc4 are
not available. However, a nucleosome particle should be
proximal to the loading factor, and consequently to the co-
hesin complex, upon cohesin loading; therefore, a nucleo-
some molecule (PDB code: 1p3i (71)) is manually placed
next to the head region, solely to represent a large globular
density docked to the head domain (SMC1-3_nuc_to_head,
Fig. S1 B). Specific interactions between the nucleosome
and the cohesin are not considered, but steric clashes are pre-
vented. The msfs averaged over the first 100 modes are com-
pared for the models SMC1-3 and SMC1-3_nuc_to_head in
Fig. S4 B. The presence of a large density next to the head
region, in various positions and orientations (Fig. S4),
increases the flexibility of the coiled-coil arms, as well as
the mobility of the hinge region. In the hinge region, the
major deformation is concentrated on the highly conserved
glycine residues at the dimerization interface. This is more
pronounced than for the model SMC1-3, thereby indicating
hinge opening is facilitated in the former case. As expected,
as they are neighboring the nucleosome, the regions close to
the nucleosome particle on the periphery of the head domain
fluctuate less compared to the SMC1-3 model. Global
motions such as bending, stretching, and twisting of the
cohesin SMC1-3 model are preserved in the SMC1-3_nuc_
to_head model, with an overlap value (69) of 0.93 (averaged
over the first 10 normal modes).
The collective motions of cohesin once loaded onto the
chromatin fiber are also investigated with the elastic network
model. For this purpose, one nucleosome particle ismanually
placed between the coiled-coil arms of cohesin near the head
region, preventing steric clashes (SMC1-3_nuc_to_coil,
Fig. S1 B). Due to the presence of a large density between
the arms of cohesin, the head and the hinge region fluctua-
tions slightly increase compared to the SMC1-3model, while
the coiled-coil regions close to the nucleosome particle are
significantly stabilized (Fig. S5 B). This effect along the
coiled-coil regions is also observed for the cohesin models
with a nucleosome particle placed at different positions
between the arms (Fig. S5). The system undergoes similar
conformational changes to the SMC1-3 model, indicatedBiophysical Journal 99(4) 1212–1220
FIGURE 3 Lowest frequency motion of cohesin corresponds to the bending motion from the middle of the coiled-coil arms, eventually adopting a head-to-
tail conformation. Alternative directions (5) (cyan and red colors at the dimerization interface, respectively) of the slowest mode are shown for the cohesin
molecule at the hinge region. (A) The backbone at the dimerization interface deforms at the highly conserved glycine residues. (B) The evolutionarily
conserved glycine residues are shown where sequences are aligned for yeast, human, and Thermotoga maritima.
1216 Kurkcuoglu and Batesby a high overlap of 0.87 (calculated over the first 10 normal
modes).
Bending motion of cohesin is needed to obtain head-to-tail
conformation
The most significant conformational change observed for
cohesin is a transition from a ring conformation to a head-
to-tail conformation due to the bending motion of the
coiled-coil arms (27,28). This finding is also supported by
Fo¨rster resonance energy transfer studies (29). Accordingly,
the first normal mode of cohesin dynamic corresponds to the
bending motion of the molecule from its middle, near the
conserved breaks on the coiled-coils, namely loop 2 on
Smc3 and loops 3 on both proteins (Fig. 1 B, Fig. 2 B,
and Fig. S2 B). Interestingly, this bending motion is
commonly used for various functional purposes in other
molecules that have a similar architecture (30,31).
In Fig. 3 A, two alternative conformations for the bending
motion are superimposed based on the backbone of the
hinge region. Interestingly, the dimerization interface within
the hinge domain is slightly deformed around the evolution-
arily conserved glycine residues and on both sides of the
interface, namely Gly663, Gly667, and Gly668 on Smc1 and
Gly670, Gly674, and Gly675 on Smc3 (Fig. 3, A and B). The
transition region between the hinge and the coiled-coils
exhibits high structural deformation (not shown). This
appears to disrupt the stability of the b-sheets, which cross
the interface at both sides of the hinge, especially b3, b7,
and b8 on both Smc proteins (see Fig. S1), thereby causing
the cohesin dimer to open. This structural deformation isBiophysical Journal 99(4) 1212–1220also observed in the second (stretching) and third (twisting)
modes (not shown). Moreover, as discussed above, hinge
region fluctuations and consequently, hinge interface defor-
mation, increase when the cohesin ring is docked to a large
mass at its head region. The conserved glycine residues are
highly critical for the dimerization of the Smc molecules as
well as for a more stable coiled-coil arm conformation
(20). Accordingly, our results suggest that these residues
appear to be important for maintaining the flexibility of
the dimerization interface when it is free in solution, and
to coordinate the dissociation of the hinge when it binds
to chromosome.
Molecular dynamics simulations of the cohesin
hinge
Mutation of the conserved glycine residues causes the hinge
to open
To monitor residue fluctuations at the hinge interface, the
hinge domain of wild-type yeast cohesin is simulated by
MD for a time course of 20 ns. Although outer loops and
short coiled-coil regions display high amplitude motions,
the hinge interface is very flexible due to the highly
conserved glycine residues listed above and shown in
Fig. 3 B; these absorb high-amplitude fluctuations to main-
tain the stability of the dimer interface (Movie S1). An
earlier study (19) reported that simultaneous mutation of
these conserved glycine residues to aspartic acid prevents
the dimerization of bacterial cohesin. Similarly for the yeast
cohesin hinge domain, mutating, in silico, glycine residues
Functional Dynamics of Cohesin 1217to aspartic acids at both sides of dimerization disturbs the
hinge structure. The hinge opens from the stable b-sheets,
between b7 and b8 on both Smc proteins, at a very early
stage of the simulation at ~1 ns, adopting an open conforma-
tion from one side of the interface and a less open conforma-
tion from other side (Fig. 4 A and Movie S2). As shown in
Fig. 4 C, the distance between two residues at the base of the
b-sheets, i.e., Ala657 (b7) and Gly667 (b8) on Smc1, and
Asp664 (b7) and Gly674 (b8) on Smc3, increases from
4.7 A˚ to 8.2 A˚ at one side of the hinge (side 1, on Smc1)
and to 16.6 A˚ at the other (side 2, on Smc3) at ~3 ns. This
conformation of the yeast cohesin hinge is very similar to
the open structure of bacterial hinge (7), with similar
distances to those monitored above, 4.4 A˚ (closed confor-
mation, PDB code: 1gxl) and 16.2 A˚ (open conformation,
PDB code: 1gxj) at one side of dimerization. This finding
strongly suggests that at least for eukaryotes, the cohesin-
hinge opening mechanisms are likely to be conserved and
coordinated by these highly conserved glycines.
To reveal the importance of the location of each
conserved glycine residue at dimerization interface
(Fig. 3 B), note that they are mutated, in silico, one pair at
a time. Mutating the paired residues Gly667 on Smc1 and
Gly674 on Smc3, or Gly668 on Smc1 and Gly675 on Smc3
to aspartic acid, results in the structural deformation of the
interdomain bridging b-sheets due to interruption in the
H-bonding network here (see Movie S3 and Movie S4).
More-detailed analysis suggests that Gly667 on Smc1 and
Gly674 on Smc3 are mainly responsible for the b-sheet inter-
face opening from both dimerization sides. On the other
hand, mutating the paired residues Gly663 on Smc1 andGly670 on Smc3 alone do not cause any significant deforma-
tions of the hinge (not shown).
Simulations of a bent conformation for cohesin indicate hinge
opening
Based on our normal mode analysis of cohesin, during
bending motion of the ring-shaped molecule, the hinge
region does not undergo a major domain motion, such as
from a closed to an open hinge conformation; but rather,
some residue-residue interactions areweakened or lost, espe-
cially on outer loops and most importantly, at the b-sheets
linking both sides of the dimerization interface (not shown).
To investigate whether these contact losses within the hinge
region may cause the cohesin ring to fully open, a new
conformation of the hinge is generated from one alternative
direction of the slowest mode deformation (see Fig. 2 B).
The wild-type hinge structure from a significantly bent
conformation of cohesin (~45 from a planar ring schemat-
ically shown in Fig. 1 B), generated by four subsequent steps
of ANM and energy minimization (see Supporting Mate-
rial), is simulated by MD for a time course of 20 ns. The
root mean-square deviation between the hinge from the
planar ring structure and the above bent conformation was
2.7 A˚ (based on backbone root mean-square deviation).
The number of H-bonds stabilizing the b-sheets at the
dimerization interface is smaller during the MD simulation
of the hinge from the bent conformation when compared to
the hinge from the not-bent conformation. This disruption in
the H-bonding network within b-sheets b7 and b8 causes the
hinge to open from both sides, and furthermore to extend the
opening only from one side at ~1 ns, to reveal a highlyFIGURE 4 Molecular dynamics trajectory anal-
ysis for (A) mutated hinge structure and (B) a hinge
structure from bent cohesin conformation. Muta-
tions of three highly conserved glycine residues
are shown with sticks. Several conformations are
superimposed to observe the opening of the
b-sheets bridging the interface for (A) mutated
hinge structure at 0 ns (red), 0.4 ns (cyan), and
7 ns (yellow); and (B) hinge structure from bent co-
hesin conformation at 0 ns (red), 0.7 ns (cyan), and
7 ns (yellow). Distances monitored across the intra-
molecular b-sheets, located on either side of the
interface, i.e., between Ca atoms of Ala
657 and
Gly667 on Smc1, and Asp664 and Gly674 on
Smc3, are plotted for (C) mutated hinge structure
and (D) hinge structure from bent cohesin confor-
mation, compared with results for hinge structure
from not-bent cohesin.
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quently interact with DNA (Fig. 1 C, Fig. 4, B and D,
Fig. S6, and Movie S5).
MD simulations on both mutated hinge structures and the
bent-ring conformations suggest that the yeast cohesin hinge
opens more from one side of the dimerization interface than
the other. This is clearly observed from the first principal
component calculated over the first 5 ns of the MD trajec-
tory, during which the most significant structural changes
of the hinge are observed (Fig. S7). A rotational motion
on one-half of the hinge is observed to open the weakened
b-sheet between b7 and b8, either by mutations or caused
by the bending motion of cohesin. The other part of the
b-sheet (b4-b6), being freer to move, easily translocates
away to cause an open hinge conformation. However, this
does not exclude the possibility of opening of the other
side at a latest stage, due to high amplitude motions of the
coiled-coils or interaction with DNA. Indeed, opening of
the one side or the other is likely to be equally possible,
particularly due to the harmonic motion of cohesin ring
(in a positive or negative direction of bending). These results
agree with the PiSQRD server (72) and TLSMD server (73),
both of which were used to analyze the protein’s flexibility
and quasirigid dynamic domains. Essentially, residues
Gly656-Ile659 (b7) and Gly663-Gly667 (b8) on Smc1
(Gly663-Ala666 and Gly670-Gly674 on Smc3) belong to
different dynamic domains and move in opposite directions,
which eventually disturb the H-bonding network, and lead
to an open conformation of the hinge as discussed.Proposed model for the mechanism of cohesin
loading onto chromatin
Cohesin loading onto chromatin fiber appears to be coordi-
nated by the collective motions of the complex, but
primarily by the lowest-frequency bending motion of the
coiled-coils. Considering the results from our normal
mode and MD analysis discussed above, the mechanism
of yeast cohesin loading onto chromatin fiber appears to
agree with the transient hinge opening model (25). Cohesin
initially interacts on or near the loading protein complex
Scc2/Scc4 on the chromatin fiber, probably near the head
region (16). Constraining the head region results in
increasing mobility of the hinge and coiled-coil arms,
enabling cohesin to change its conformation and to bend
toward the chromatin fiber, facilitated by the conserved
breaks along the arms. This motion of the cohesin molecule
deforms the flexible dimerization interface at the hinge
region, resulting in a transient opening of the dimer,
revealing a highly positive patch inside the hinge; complete
opening of the hinge may be further facilitated by the inter-
action of this patch with DNA. Once the chromatin fiber
enters the ring, it stabilizes the fluctuations of the coiled-
coil arms from where it interacts. The intrinsic mobility of
the hinge region helps the ring to reclose entrapping theBiophysical Journal 99(4) 1212–1220chromatin fiber inside. Ultimately, on the onset of mitosis
a second chromatin fiber will reside within the ring; two
sister chromatids are encircled. As to whether the second
chromatin fiber is replicated from the first or the ring opens
a second time to capture a sister chromatid, has not been
experimentally elucidated. The latter phase is not the
purpose of this study, which focuses solely on initial cohesin
loading onto a single fiber. Nevertheless, as can be seen
from Fig. S1 B, there is ample space to fit a second fiber
within the cohesin ring structure.CONCLUSIONS
Protein structures have evolved in such a way that they
ensure the robustness of biological processes to sustain
cellular life. For the evolutionarily conserved cohesin, its
highly collective functional motions, such as bending,
stretching, and twisting, are intrinsic properties of the cohe-
sin structure, which provides the necessary tools (i.e., an
ATPase head, long arms, and a hinge) to carry out ATP
hydrolysis, topologically entrap sister chromatids, and
create an entry gate for the chromatin fiber when necessary.
The elastic network model suggests that the stiffness of
the coiled-coils is modulated by their environment such as
binding of a large density, such as Scc1, Scc3, and Scc2/
Scc4, or a nucleosome particle. Significant conformational
changes in the coiled-coils will bring the hinge domain
into close proximity with the head domain, an essential
requirement if ATP hydrolysis were needed to trigger
complete hinge opening; as shown by our orientational
cross-correlation maps, there is a lack of effective indirect
communication between the head and hinge region via the
flexible 50-nm coiled-coils. An alternative reason for the
ATPase activity may be to detach the ATPase head from
its loading factor, similar to a kinesin molecule with
a coiled-coil and head structure that, before its next step,
detaches itself from microtubule after ATP hydrolysis (74).
The yeast cohesin hinge seems to be in a pseudo-stable
state, where its small hinge dimerization interface is very
sensitive to structural changes within the region of the
highly conserved glycine residues (Gly663, Gly667, and
Gly668 on Smc1; and Gly670, Gly674, and Gly675 on
Smc3). These glycines are located at strategic positions
within the interface and appear to absorb any excessive
energy originating from the motions of the coiled-coils
and outer loops, thereby keeping the interface closed. The
pseudo-stable state of the hinge may be energetically shifted
to the stable or the unstable side of the equilibrium, by
making mutations to the conserved residues within the hinge
region, and/or by bending the cohesin ring, respectively.
Effective dimerization of Smc proteins, to form this unusu-
ally small nonobligate heterodimer interface (75), is likely
to be dependent on these glycine residues along with
a conserved pattern of hydrophobic residues. Similar to
other heterodimer interactions (76), the hydrophobic
Functional Dynamics of Cohesin 1219residues (Ala582, Phe584, Ile585, Leu664, and Met665 on
Smc1; and Val589, Phe591, Ile592, Val671, and Leu672 on
Smc3) are clustered at the central interface, with the highly
conserved glycines located on both sides and at the
periphery of the interface (Fig. 3 B). This pattern implies
that the first contacts between Smc1 and Smc3 hinge regions
are due to p-interactions between the hydrophobic residues.
Then, the flexible glycines seem to have a structural role to
finalize the H-bonding network across the b-sheets bridging
the interface and thereby maintain the stability of cohesin.
Understanding cohesin dynamics is essential in decipher-
ing the sister chromatid cohesion process, and to understand
the molecular mechanism underlying severe developmental
disorders such as Cornelia de Lange syndrome. The struc-
tures and functional sites of Smc proteins are evolutionarily
conserved; therefore, our findings on cohesin dynamics may
contribute to understanding other Smc proteins, in particular
condensin, which has an important role in chromosome
condensation.SUPPORTING MATERIAL
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